We first analyze why most of the photonic crystals produced by two-photon photopolymerization technique exhibit no photonic band gap effect. And then subdiffraction-limited resolution-enabled finely quantified pixel writing, a scheme that has been used in micromachine fabrication, is adopted as the solution. As a result, higher accuracy in depicting and better reproducibility in both fabrication and photonic band gap effect observation are obtained. More important, the method allows for precise precompensation of the structure shrinkage induced by photochemical reactions of polymerization, which may pave the way to high-fidelity fabrication of polymer photonic and optoelectronic devices that require strictly the structural parameters. Since the demonstration of photonic band gap (PBG) effect in two-photon photopolymerized photonic crystals (PhCs), 1 femtosecond laser nanoprocessing 2-5 has been considered as a promising technology for substantializing complicated three-dimensional (3D) PhC designs, 6,7 largely due to its intrinsic 3D processing capability and the relative ease of functionalization of compositional materials by means of copolymer systems or guest-host doping. The laser written structures can be utilized either directly as the PhC devices themselves 8, 9 or as reverse duplication templates. From these points of view, two-photon polymerization is potentially a method that can simultaneously satisfy all requirements of a PhC to its structure, i.e., lattice type, primitive-unit shape, filling ratio, and connectivity, 10 and to its compositional material attributes, e.g. fluorescence, tunability, and optical nonlinearity.
Since the demonstration of photonic band gap (PBG) effect in two-photon photopolymerized photonic crystals (PhCs), 1 femtosecond laser nanoprocessing [2] [3] [4] [5] has been considered as a promising technology for substantializing complicated three-dimensional (3D) PhC designs, 6, 7 largely due to its intrinsic 3D processing capability and the relative ease of functionalization of compositional materials by means of copolymer systems or guest-host doping. The laser written structures can be utilized either directly as the PhC devices themselves 8, 9 or as reverse duplication templates. From these points of view, two-photon polymerization is potentially a method that can simultaneously satisfy all requirements of a PhC to its structure, i.e., lattice type, primitive-unit shape, filling ratio, and connectivity, 10 and to its compositional material attributes, e.g. fluorescence, tunability, and optical nonlinearity. 11 Despite these promises, most efforts in fabricating PhCs using two-photon photopolymerization are frustrated by the suffering of no band gap effect observed in laser-written structures except for limited examples. 1, 9 This circumstance is hindering development of the state of the art of the laser nanofabrication technology and its widespread use on PhC research and applications. In this letter, we report a solution to the addressed problem by adopting a fabrication scheme that takes full advantage of arbitrary 3D laser prototyping, 3, 12 by which high-reproducibility writing is realized. Even more important, the adopted approach enables precise precompensation to the structure deformation arising from liquid-solid phase transformation accompanied with photopolymerization, an issue has to be solved in polymer PhCs. Figure 1(a) illustrates the logpile structure. 1, 8, 9, 13, 14 For the purpose of diagnosis and comparison, a similar lattice was employed in this research. The rods consisting of logpiles were conventionally accomplished by scanning series of lines that are defined by two end points. 1, 8 In the line scanning, a key parameter to set and adjust is the stage scanning speed. It is inevitable that the rod diameter is not uniform [ Fig. 1(c) ], thicker at two ends due to the piezo stage acceleration from and deceleration to speed zero, leaving narrower intervals at the four side facets of cubic structures or even sealing them. A direct outcome is that the unsolidified liquid resin is quite difficult to remove from inside written lattices, resulting in incomplete resin-air lattices. The problem is particularly severe for small structures, for example those with side length less than 20 m. This issue may be solved by shutting off the exposure at the end portions of lines, a solution versatile to various geometry is still needed. Moreover, the cross section of rods created by the line scanning takes the shape of focal-spot point spread functions as imaged by the scanning electron microscope (SEM) [ Fig. 1(b) ]. The height and width of a rod are therefore determined by the exposure laser power and numerical aperture of the focusing lens. 15 They are not independently adjustable and are sensitively influenced by the laser output fluctuation and ambient vibration. The lattice parameters including inplane filling ratio and layer interval are hence difficult to optimize separately. The above two factors are identified as the major reasons why generally no PBG effect comes out in most polymerized PhC structures.
To solve the above-mentioned problem, we utilized the laser-scanning scheme that has been exploited for creating nanomachines:
3,15,16 instead of defining a rod by single-line scanning, the entire 3D space where structures are to be writa)
Author to whom correspondence should be addressed; electronic mail: hbsun@ieee.org ten was quantified into uniformly spaced pixels of volume abc ͑nm 3 ͒. In the course of fabrication, laser focus passes through all pixels by raster scanning but resides at and exposes for a given duration, , only those prescribed points that are needed to define a feature or element, here a rod. The size of polymerized volume elements, voxels [ Fig. 1(b) ], as well as the pixel dimensions of a, b, and c, should be sufficiently small so that the contour of the feature to be written, here the rods, which would be of similar size as the diffraction limit, precisely take designed shapes [ Fig. 1(d)] . A critical point for this purpose is the usage of the subdiffractionlimited polymerization approach, for which high-efficiency initiating species would be advantageous. 3, 16 A synthesized two-photon initiator, triphenylamine-substituted phenylenevinylene derivative, EA4BPA-VB ͑0.1 wt % ͒, of which the molecular structure is shown in Fig. 1(e) , was employed to induce photopolymerization of urethane acrylate monomers and oligomers. EA4BPA-VB has a two-photon cross section of ␦ = 4.7ϫ 10 −48 cm 4 s / photon at 780 nm, approximately eight orders larger than those utilized in commercial UV curable resins. For laser nanofabrication, a femtosecond laser of 780 nm wavelength, 80 fs pulse width, and 82 MHz repetition rate were adopted, which was focused by a high numerical aperture ͑ϳ1.4͒ objective lens into the resin. The sample stage was scanned with a 3D piezoelectric translator that has resolution better than 1 nm. As a fabrication example, Fig. 1(f) shows a three-layer rod array, for which the pixel size was adopted as a = b = c = 70 nm. Partly overlapped voxels were found to define well rods of square cross section of 400 nmϫ 400 nm. The surface roughness of the rods is found unassociated with the overlapping degree of voxels. The highlight region of Fig. 1(f) was magnified under SEM and shown in Fig. 1(g) . From the fabrication results, the merits of the quantified pixel writing approach were elucidated: the prototyping is to a large degree immune to instability from either laser output or ambient factors since individual voxels do not significantly affect the entire element appearance. It is not the single-voxel attributes (shape and size), but the spatial arrangement of voxels, in another word, how a feature is defined by pixels, that determines the exterior form of a PhC target. In logpile structures, the cross sections of rods could be freely designed. This characteristic leads to a solution of problems that were encountered in the conventional fabrication process and a high-reproducibility fabrication is a natural result. However, it is interesting to notice that with the layer number increases, the structure tapers: the layer area, 20 m ϫ 20 m at the bottom shrinks to 17 m ϫ 17m at the top within a vertical span of 7.5 m. This indicates a lateral linear shrinkage rate in unit length along the substrate normal direction, of 2 % / m. The shrinkage is due to higher mass density in solid phase than in liquid status. Polymerizationinduced tensile was released gradually from the bottom layer that was adhered to the substrate. The structure deformation in the transition layer is a detrimental factor for highprecision laser nanofabrication, particularly for optoelectronic devices, which usually have stringent requirements for their structural parameters. For example, a 5% lattice constant fluctuation may completely nullify a defect-couple type frequency add-drop filter. 17 In order to solve this problem, we made use of a precompensation strategy. Considering that the shrinkage rate from liquid to the fully solidified phase is a material-dependent constant and experimentally measurable, anticipated shape and size disparity were precorrectible at the stage of structure design. Figure 2 (c) shows a vertical cube PhC from a devised inverse mesa, of which a part is highlighted in Fig. 2(d) . It is apparent that aided by the quantized pixel writing scheme, the precise precompensation makes high-fidelity fabrication possible. The validity of the writing approach was manifested not only by outer forms of written structures, but most importantly by their PBG effects. Figure 3(a) shows the first 6 photonic bands of a 12-layer PhC structure consisting of designed 0.45-m-wide and 0.45-m-high rods. The inter-rod space was 0.55 m and the layer interval is determined by the rod height. The calculation is based on the plane-wave expansion technique. By assuming that shrinkage occurs in all three dimensions with an average linear shrinkage of 0.02 m −1 , the measured transmission valley coincides exactly with the "A" gap opened between the fourth and fifth bands. The measured spectra as shown in Fig. 3(b) , one from the above-mentioned PhC, and the other as reference, from a thin solid resin film, were obtained from a Fourier transform infrared spectrometer, with probe light incident from the PhC sample top. This corresponds to point A in the first Brillouin zone of the PhC structure as exhibited in the inset of Fig. 3 , where A and several other high-symmetrical points are given.
The transmission valley at 5120 cm −1 [1.95 m, Fig.  3(b) ] undergoes intensity rejection of 81%. This corresponds to a layer attenuation, ␣ = 0.14. Here ␣ is defined by
where I 0 and I are the incident and transmitted light intensities, and N, the layer number.
The high-reproducibility and high-fidelity two-photon laser nano-writing permits systematic study of PhC physics because it can realize, with higher accuracy, almost any complex patterns that are required by advanced functions. As the simplest example, here we study parameter-dependent PBG effect for the logpile lattice. Figure 4(a) shows the layer number-dependent light attenuation at the pseudo-PBG wavelengths. The expected scaling characteristics are shown in Fig. 4(b) , where designed layer thicknesses are 0.58 m, 0.69 mm, 0.78 m, and 0.85 m, respectively. For comparison, we choose a peak that is presented in all four structures in the detection window of the spectrometer. They are situated at Ͼ5000, 4885, 4465, and 4320 cm −1 , respectively. These measurements agree well with theoretical expectations, showing the potential to tailor polymer PhCs with desired performance in quantitative manner.
In summary, the finely quantified pixel writing approach has not only led to high-reproducibility fabrication of robust 3D lattices with submicron feature sizes, but most important, makes it possible to precompensate the shape deformation accompanied with photopolymerization. The effectiveness of the improved writing schemes was evidenced by the PBG effect that is half an order stronger than those reported. The current progress may remove an obstacle in the way toward broad use of two-photon laser photopolymerization for PhC fabrication and applications, particularly for PhC-based polymer optoelectronic devices and their integrated systems.
